Abstract: In this paper, we present a new 3-D structure for the InP-based avalanche photodiode, aiming at decreasing the excess noise factor. To the best of our knowledge, it is the first time new device designs based on the recently developed 3-D spatial dead space model in 2014 have been proposed. In addition, we also propose a methodology, i.e., the 2-D planar absorption distribution projection technique, for further optimizing the 3-D model. According to our theoretical simulation results, by combining photonic crystal and selective area doping, the effective k values of InP and In 0.52 Al 0.48 As can be reduced to as low as ∼0.19 and as ∼0.13, respectively. Meanwhile, the optimal thickness of the multiplication region is larger than 0.45 m, which reduces the tunneling effect.
Introduction
In modern optoelectronic fields of fiber communication, astrosurveillance, optical sensor, and single photon detection, avalanche photodiodes (APD) are widely applied in the receiving terminal due to their large interior photocurrent gain [1] - [3] . Likewise, for the integrated optical receivers, APD is also an ideal option for its outstanding advantages in size, power dissipation and quantum efficiency [4] . Moreover, with the rapid development of sub-wavelength devices and nanophotonics, APD is widely adopted as a kind of external quantum efficiency compensator for low coupling efficiency in optical system. Meanwhile, the structure of APD is also varied three dimensionally to realize low volume dark current or to meet the requirement for high optical absorption efficiency [5] .
To study the gain and noise from the avalanche process, in 1992, Hayat et al. developed the dead space multiplication theory (DSMT) and calculated the parameters by solving a series of recurrence equations [6] , [7] . This theory has been widely adopted in device modeling for its success in explaining the experimental phenomenon for planar or mesa APDs in a statistical way. For a 3-D APD whose electric field intensity and electric field line are spatially non-uniform, in 2014, El-Howayek et al. extended the model into 3-D space [8] . In the 3-D model, photogenerated carriers at different possible paths will experience distinct impact ionization processes. According to the description in [8] , impact ionizations in different paths are statistically independent. For each trajectory, there will be a corresponding statistical weight, which depends on the density of photo-generated carriers at the very position. Finally, we can calculate the overall mean gain by averaging the amount of carriers at the first and the second moment over all possible routes. In 2012, Senanayake et al. first proposed a 3-D-shaped APD [9] . In their experimental work, hexagonal core-shell nano-pillar structures with GaAs homojunctions are utilized as optical antennas to enhance the photon absorption efficiency.
According to the statement in [3] , non-uniformity of electric intensity profile has the potential to reduce the gain fluctuations. In our design, by introducing the 3-D structure, we magnify such non-uniformity to the extreme and minimize the excess noise. In the 3-D device, under the influence of singularities within the structures, some trajectories will have lower randomness of gain while some have higher, in comparison with conventional 1-D planar device. Based on this phenomenon, we can modify the optical field distribution to make majority of light focus on the low noise region, while high noise region merely receives very few photons. In this way, by optimizing the parameters of photonic crystal and the structure of multiplication layer, we manage to reduce the k values of InP and In 0.52 Al 0.48 As to as low as 0.188 and 0.121, respectively. This paper is organized as follows. The introduction of electrical structure for InP/InGaAs APD is presented in Section 2. The calculating procedure of effective k value and demonstration of validity of algorithm are placed in Section 3. The influence of parameters of photonic crystal on the optical field distribution is discussed in detail in Section 4. The universality for InGaAs/InAlAs APD and the optimization results are described in Section 5.
Electrical Part
The cross section view of the structure of 3-D shaped InP/InGaAs APD is shown in Fig. 1(a) and the top view of this periodical device is illustrated in Fig. 1(c) . Such 3-D structure can be fabricated by selective area doping for the top InP layer. In Fig. 1(a) , p + InP (pink) serves as both the contact layer and the electric field controller. In one period, the doping concave (p + InP) introduces a singularity for the electric field profile thus causes obvious non-uniformity in the multiplication layer, as shown in Fig. 1(b1) . For comparison, the electric field profile in multiplication region of 1-D conventional device with the same doping level, the same thickness and the same bias voltage (−50 V) is shown in Fig. 1(b2) as well. For convenience of description, in Fig. 1(b1) , the electric field lines are numbered as Line 1∼6 starting from the center. The tunneling current, which can be calculated by I tun % mAexp½À2m [11], is 12.92 nA when E max ¼ 5:6 Â 10 5 V/cm in InP multiplication region. For each line in Fig. 1(b1) , we calculate the M-F curve with 3-D-DSMT [8] and the results are plotted in Fig. 2(b) .
From Fig. 2 (b), we can observe that the effective k values of Line 1∼4 are much lower than those of Line 5 and Line 6. Such difference originates from the electric field profiles that the strong fields of Line 1∼4 are more positionally concentrated, as plotted in Fig. 2(a) . Thus the impact ionization is more locationally stabilized. In this way, stochasticity of gain fluctuation can be significantly reduced. Therefore, the carriers on trajectories 1∼4 will generate much less excess noise, which means low k value. It should be noted that for a 1-D-APD without singularities in multiplication layer, no matter how we adjust its parameters (e.g. decreasing the thickness), we can only get a constant electric field like what On the other hand, however, the selective area doping structure will also lead to unwanted side effects that the carriers at Line 5∼6 are about to generate large excess noise due to weaker electric field intensity and lack of non-uniformity. Fortunately, we can utilize optical method (e.g. photonic crystal in this paper) to modify the illumination distribution. Therefore, Line 1∼4 get assigned with majority of light while Line 5∼6 only receive very few. The modified optical absorption distribution in the InGaAs absorption layer is illustrated in Fig. 3 .
In Fig. 3 , the optical parameters and the optimizing process will be discussed in detail in Section 4. Based on the redistributed beam pattern, we can obtain the percentages of amount of photo-generated carriers locating at different trajectories. Subsequently the overall gain and excess noise factor can be calculated by statistically averaging the amount of carriers across all the routes at the first and second moment of impact ionization [8] . As a result, the overall excess noise factor gets reduced from 0.3408 (1-D APD with h multi ¼ 300 nm [3] ) to as low as 0.188: a reduction of ∼45%. The specific calculation steps will be presented in the next section.
Calculation of k Value and Validity of Algorithm
Before modeling the avalanche multiplication process of 3-D-APD, the optical absorption power density P abs ðx ; y ; zÞ at coordinate ðx ; y ; zÞ should be determined first using where ! is the angular optical frequency, imagð"Þ is the imaginary part of the dielectric permittivity of absorption material, and Eðx ; y ; zÞ is the vectorial electrical component. Subsequently, 3-D volume distribution of photo generated carriers can be obtained correspondingly. To simplify the computing, a 2-D planar surface absorption distribution projection is now introduced by integrating the amount of carriers along each trajectory. Through this method, statistical weights of each line can be obtained. Afterwards, by solving 3-D Poisson equations and carrier continuity equations under a certain voltage, 3-D electrical potential as well as field intensity distribution are then acquired. Incidentally, as the normal vector of isopotential curves, profiles of electric field lines can be recorded in 3-D coordinates matrices. After finishing these steps, the gain and noise characteristics of each line can be determined using 3-D DSMT. In our computing, different evaluations of ionization coefficients i ðjÞ, i ðjÞ (the jth fraction of ith Line) in strong or weak field drew on the model presented in [12] . It should be noted that the average value of excess noise factors is not the overall excess noise factor. The correct value should be calculated by averaging the amount of all the generated carriers multiplied by respective statistical weights on different lines at the first and second moments. The last step is solving a series of recurrence equations until convergence is reached.
To prove the validity of our algorithm, we compare our simulation results with the experimental data of the example of 3-D shaped APD from Senanayake et al. in 2012 [9] . The cubic in Fig. 4(a) shows the volume photo-generated-carrier distribution in hexagonal p-GaAs absorption region. This is acquired by solving the optical field profile with finite different time domain (FDTD) method considering both the surface plasmon polaritons Bloch wave (SPP-BW) and localized surface plasmon resonance (LSPR) effect together. During simulation, plane wave source centered at 730 nm and periodic boundary condition are applied. The material properties of GaAs refer to the database from [15] , [16] . The 2-D projection in Fig. 4(a) , which is obtained by integrating the quantities of carriers along the electric field lines, is quite necessary for its huge help in reducing the amount of computation. Next, the planar distribution is discretized into 2-D mesh and each check has its percentage of the absorbed light. Every check is allocated one E-field line to calculate the mean gain. The electric field profiles are solved by varying the reverse bias voltage from −1 V to −10 V with step length of 0.1 V. Before using the 3-D-DMST, the 3-D calculation window should be narrowed first by removing the weak field region in order to further shrink the 3-D computing task. For each bias voltage, the corresponding gain is calculated across all the possible lines with the help of the magnitude distribution curves in Fig. 4(c) . As a result, the relationship between gain and reverse voltage is illustrated in Fig. 4(d) . It can be observed from the figure that the simulation result and the experimental data fit well with each other, which reveals that our algorithm is believable.
Optical Part
In this paper, photonic crystal (PC) is utilized to manipulate the optical field intensity distribution to focus light on the low noise region. The structure is drawn in Fig. 5 as a schematic diagram. In Fig. 5 , zone 1 and zone 2 represent high k area and low k area, respectively. During the process of optical optimization, thickness of PC and size of holes simultaneously influence the final performance. Here we define a criterion to evaluate the performance of PC, which is the extinction ratio of light power received by low k areas and high k areas, namely ratio ¼
Based on this index, we calculate the values of "ratio" under various possible combinations of parameters. The results are shown in Fig. 6 where horizontal axis represents the diameter of holes in PC and vertical axis denotes the value of "ratio." In FDTD simulation, the x -polarized fundamental mode of single mode fiber (SMF) at 1550 nm is applied as light source. The effective photo-sensitive area is 40 m in diameter. For InP/InGaAs APD, the locations of the monitors for "zone 1" and "zone 2" are set where absorption stays, namely 0.5 m below the interface of dielectric and semiconductor. The material properties of SiO 2 and InP are taken from [13] and [14] , respectively. In conclusion, according to the plotting in Fig. 6 , the optimal parameters for InP APD are 110 nm in diameter and 700 nm in thickness. The final optical field intensity profile of has been illustrated in Fig. 3 in Section 2.
Results and Discussion
The 3-D structure can be applied to InGaAs/InAlAs APD as well. As shown in Fig. 7(a) , 3-D InAlAs APD can be fabricated by re-growing the p-type InAlAs after depositing and patterning the N + InAlAs. With the development of modern electron beam lithography (EBL) technique, fabrication precision of ∼300 nm is no longer a tough issue. Similarly, the mean gain and excess noise factor can be calculated in the same way as InP APD described in Section 3. For the 3-D structure, there are several factors that simultaneously affect the overall gain and noise characteristics. In Fig. 7(a) and (b), W 1 , W 2 , d , and h stand for the width of high k area, width of low k area, thickness of convex/concave and thickness of multiplication layer, respectively. In this section, we are going to optimize these parameters to achieve the best electrical structure with the highest gain and lowest excess noise factor.
The 3-D electric field distribution in the vertical direction is mainly affected by the thickness difference between multiplication layer (h) and convex/concave (d). For InGaAs/InP APD, large "d" will cause ineffectiveness of photonic crystal because there lacks optical waveguide structure between absorption layer and PC. Thus, we fix "d" to 150 nm for the following discussion. First of all, by varying the thickness of multiplication layer (h), we can obtain the overall mean gain and excess noise factor when W 1 ¼ 400 nm and W 2 ¼ 350 nm. As a result, the linear fit values of <M> and F, namely k eff , are plotted in Fig. 8(a) where the blue and olive curves represent the cases of InP/InGaAs APD and InGaAs/InAlAs APD, respectively. The corresponding electric field distribution maps are also tagged to some key points.
As shown in Fig. 8(a) , the tendencies of these curves are similar and there are two optimal parameters for these two curves. When h < "the optimal thickness", the electric field intensity increases but the intensity profile becomes more uniform. In other words, such profile seems more like that of a 1-D-APD with a thin multiplication layer, whose electric field intensity is constant. Therefore, the calculated k eff will gradually approach the 1-D common k value when "h" decreases, i.e., 0.3408 for InP and 0.2691 for InAlAs ðh multi ¼ 300 nmÞ [3] . When h > "the optimal thickness", the k eff will also increase. This is easy to understand because it fits with our classical cognition that thick multiplication layer will cause larger excess noise [3] . In conclusion, according to the curves, our choice for thickness of multiplication region is 0.5 m in InP APD, and 0.6 m in InAlAs APD. Another factor that influences this result is the doping concentration of multiplication region. In Fig. 8(b) , we compare the values of k eff for different doping of n-InP. For N D ¼ 1Â10 15 cm À3 , the non-uniformity is weaker than that of N D ¼ 1Â10 16 cm À3 ; hence, the overall effective k is a bit lager but the tendency, and the optimal value remains the same.
The horizon parameters need to be optimized next after the vertical thickness is determined. In Fig. 7 , W 1 represents the width of high k region. To achieve the optimal value, we analyze the electrical characteristics of several evaluations and the results are shown in Fig. 9 . In Fig. 9 , (a)-(c) illustrate the electric field distributions in the multiplication layer of InAlAs APDs with different W 1 values and (d)-(f) show those of the InP APDs. The intensities in Fig. 9 are normalized. It can be found out from the diagram that there exists a trade-off in optimizing W 1 . If W 1 is evaluated too small, like the situation in (a and d), the effect of singularities will be diminished. As a result, an obvious decrease in electric field intensity will occur in low k region, as observed from comparisons stressed by white circles (1∼3, 4∼6). Hence, the avalanche gains in (a) and (d) will be less than those of (b), (c), (e), and (f). On the other hand, W 1 cannot be evaluated too large either because larger W 1 corresponds to narrower low k region, which will lead to lower utilization ratio of light power. Therefore, our final compromised results of W 1 are 0.44 m for InAlAs APD and 0.48 m for InP APD.
Likewise, we face the same trade-off issue when optimizing the width of low k area, W 2 . Similarly, it can neither be evaluated too large nor too small, because wide W 2 will weaken the function of singularities to make centric region more like the 1-D device, whereas narrow W 2 will reduce the light utilization efficiency. The detailed electrical differences are shown in Fig. 10 where (a)-(c) represent the InP APDs and (d)-(f) represent the InAlAs APDs. We can observe from (c) and (f) that the electric field profile in centric area resembles that of common APD, whose electric field distributes uniformly. Therefore, the k eff in wide W 2 is close to the value of 1-D device. On the other hand, narrow W 2 means smaller effective optical sensitive area, which causes lower coupling efficiency. In Fig. 11 , the relationships between k eff and W 2 are depicted by blue curve (InP) and green curve (InAlAs). The red line plots the variation tendency of optical coupling efficiency along with W 2 . In Fig. 11 , the red region implies low k eff but with low light coupling efficiency, while green region implies high utilization efficiency but with high k eff .
Herein, our final compromised selection for W 2 is 0:36 m $ 0:4 m.
So far, by means of a series of calculation, we have obtained all the optimal parameters to realize the lowest k value for 3-D APD, with considering of the optical coupling efficiency. Table 1 lists the k eff values of 1-D APDs from different research groups [17] - [20] and 3-D-APDs in this paper. From the comparison, we can discover that 3-D structure can help to reduce the excess noise factor with comparatively thicker multiplication layer, which avoids high tunneling current. Although the effective k value of InP based device is still much larger than that of Si APD [20] , the III-V semiconductors, owing to the direct gap characteristics, have their own advantages in frequency response and conversion efficiency, etc. The structure presented in this paper provides a new thought. Moreover, spatial shape, optical distribution pattern and concave/convex surface, grid shape and period are all unknown factors need further investigation. 3-D device, thanks to the non-uniform feature compared with traditional 1-D device, has plenty of potential to be explored. 
Conclusion
In this paper, we use the 3-D spatial dead space model to theoretically investigate the gain/noise characteristics of 3-D APDs. Furthermore, we discover the non-uniformity feature of effective k values existing in such non-uniform devices. Therefore, we utilize optical method to modify the intensity distribution of incident light so that majority of photons get absorbed in low noise area. Thus the overall performance of gain and noise is evidently improved in this way. In the process of parameter optimization, we take all possible aspects into account such as influence of photonic crystal structure, electrical structure and material system. Finally, we decrease the effective k value from 0.3408 to 0.188 (InP) and from 0.2691 to 0.121 (InAlAs) with h multi ¼ 300 nm, a reduction of ∼45%. Thus on achieving the same gain, our proposed 3-D-APD can generate much less excess noise. As a result, if such devices are applied to III-V based high speed optical communication system, the overall signal noise ratio can be reduced significantly. Moreover, the examples in this paper also provide a fresh idea for researchers to foretell and design novel devices with 3-D structure. 
